The molecular clock hypothesis states that protein-coding genes evolve at an approximately constant rate. However, this is only expected to be true as long as the function and the tertiary structure of the molecule remain unaltered. An important implication of this statement is that significant deviations in the rate of evolution of a gene with respect to the species clock are likely to reflect functional and/or structural alterations. Here, we present a method to identify such deviations and apply it to a data set of 2,929 high-quality coding sequence alignments corresponding to one-to-one orthologous genes from six mammalian species-human, macaque, mouse, rat, cow, and dog. Deviated branches are defined as those that present significant alterations in both the rate of nonsynonymous substitutions (dN) and the selective pressure (dN/ dS). Strikingly, we find that as many as 24.5% of the genes show branch-specific deviations in dN and dN/dS, though this is a relatively well-conserved set of genes. Around half of these genes show branch-specific acceleration of evolutionary rates. Positive selection (PS) tests based on divergence data only identify 17.7% of the accelerated branches. Failure to identify PS in accelerated branches with an excess of radical amino acid replacements suggests that these tests are conservative. Interestingly, genes with accelerated branches are significantly enriched in neural proteins, indicating that this type of protein might play a more important role than previously thought in species diversification, although they are generally not detected by PS tests. We discuss in detail several examples of genes that show lineage-specific evolutionary rate acceleration and are involved in synaptic transmission, chemosensory perception, and ubiquitination.
Introduction
The molecular clock hypothesis was formulated in the early 1960s following the observation that the number of amino acid differences between two orthologous proteins was approximately proportional to the divergence time of the two species being compared (Zuckerkandl and Pauling 1962; Margoliash 1963 ). Subsequently, Kimura and Ota (1974) noted that the rate of protein evolution will be approximately constant as long as the function and the tertiary structure of the molecule remains unaltered. Examples were soon identified in which alterations in the rate of evolution of a protein in a specific lineage marked important functional or structural modifications (Goodman et al. 1975; Baba et al. 1984) . If the species are sufficiently close (e.g., within mammals), the comparison of the number of nonsynonymous substitutions per nonsynonymous site (dN, amino acid altering) to the number of synonymous substitutions per synonymous site (dS, silent), also known as omega (x 5 dN/dS), is a useful estimator of the gene's selective pressure (if the species are too distant, the rate of synonymous substitutions may become saturated and difficult to estimate). Thus, significant differences in dN/dS in different lineages are strong indicators of changes in the impact of natural selection over time (Czelusniak et al. 1982) .
In recent years, the analysis of an increasingly large number of protein sequences has shown that the assumption of a constant rate of evolution is often violated (Ohta and Ina 1995; Ayala 2000; Arbiza et al. 2006; . There are two main reasons for this. First, the specific characteristics of the species or group of species under study, including generation time, historical population size and substructure, and DNA replication fidelity, will all affect rate of change at the level of DNA sequence. For example, the number of fixed nucleotide substitutions per unit time in the mouse lineage is approximately double that of the human lineage, which is likely due in part to the shorter generation time of rodents compared with primates (Waterston et al. 2002 ). This will result in both higher dN and dS in the rodent lineage. Another example is the small effective population size of humans due to historical population bottlenecks, which is expected to result in an increase in fixation of slightly deleterious, and slightly advantageous, mutations through genetic drift (Ohta 1973) . This agrees with the observed higher dN/dS ratio in the human lineage when compared with other lineages that have larger effective population sizes (Nielsen et al. 2005) . The second factor that may lead to deviations from the predictions of the molecular clock hypothesis is lineage-specific changes in the strength and type of selection that is acting on each gene over time. For example, the accumulation of a series of advantageous mutations by positive selection (PS) in a given lineage will be observed as an increase in dN/dS in the corresponding branch. A similar effect will be observed if there is a period of relaxation of purifying selection on the protein sequence. Inversely, increased purifying selection in a given branch will be observed as a decrease in dN/dS.
A number of different methods are now available for the automatic estimation of dN and dS in different branches of a tree pertaining to a set of homologous sequences (Ronquist and Huelsenbeck 2003; Seo et al. 2004; Yang 2007) . These methods permit investigation and comparison of the selective processes that have acted on different lineages, including internal branches of the tree. In the complete absence of selection, a dN/dS ratio of 1 would be expected. Most genes have a dN/dS value much lower than 1, indicating that negative, or purifying, selection predominates. A dN/dS . 1 is generally taken as indicative of PS, although a test should be performed to ensure that the probability of the observed value is significantly different from the probability of observing a value of 1 (Zhang 2003; Zhang et al. 2005) . In general PS is expected to act on, at most, a few sites in a gene, and for only a short period of time, and thus an average dN/dS . 1 is very rarely observed. For this reason, methods that allow testing for PS on individual codons in specific branches of the tree, known as ''branch-site (BS) models,'' have become increasingly popular (Yang and Nielsen 2002; Zhang et al. 2005) .
In a set of 744 core genes from 30 c-proteobacterial species, Shapiro and Alm (2008) showed that pairs of genes with similar selective patterns were more likely to share the same cellular function, denoting concerted evolution. For example, genes involved in glycolysis and phenylalanine metabolism evolved faster in Idiomarina loihiensis, which could be explained by a shift in carbon source from sugars to amino acids in this species. A study comparing dN/dS values from four yeast species indicated that 13.2% of the genes deviated significantly from clock-like evolution, involving both branch-specific acceleration and deceleration events (Kawahara and Imanishi 2007) . Studies in mammals to date have been almost exclusively limited to the identification of branches showing signs of PS. Clark et al. (2003) used human, chimpanzee, and mouse orthologous gene trios to infer branches undergoing PS using maximum likelihood methods, and Nielsen et al. (2005) performed a scan of genes likely to have been targeted by PS at any time during the evolution of humans and chimpanzees. Other studies have investigated the human and chimpanzee branches independently for positively selected genes, using rodents or macaque as the outgroup (Arbiza et al. 2006; Bakewell et al. 2007; Gibbs et al. 2007 ). In a recent study, Kosiol et al. (2008) performed a scan for PS in a set of mammalian genes including human, chimpanzee, macaque, mouse, rat, and dog. Of approximately 16,500 human genes that had orthologs in at least two of the other species, they found that 400 showed evidence of PS and an additional 144 genes presented lineagespecific PS. Although these studies have yielded quite different results, several of them have found enrichment for proteins involved in functions related to immunity and chemosensory perception, which have been classically associated with adaptive evolution. Together, they provide strong evidence that deviations from the molecular clock are widespread and nonrandom.
The detection of PS in mammalian genes is without doubt valuable to help unravel different molecular adaptations, including those that are specific to humans. However, there are many other aspects of mammalian gene evolution that remain unexplored. For example, it is presently unknown how often significant changes in gene selective pressure have occurred in the mammalian phylogeny. Are the vast majority of genes evolving in a clock-like fashion once we have corrected for general lineage-specific differences? In other words, is the pace of divergence of orthologous genes steady? How many genes that have undergone branch-specific evolutionary rate acceleration also show signs of PS? To address these questions, we have built a high-quality set of ;3,000 orthologous coding sequence alignments from six mammalian species-human, macaque, mouse, rat, dog, and cowand estimated the corresponding dN and dS values in each branch of the corresponding phylogenetic tree. In order to identify significant deviations in dN and dN/dS, we compared the observed tree for each gene with the expected tree given the general species-specific differences and the global rate of evolution of the gene. The results show that approximately a quarter of all genes have significant branchspecific deviations, denoting high evolutionary flexibility even in a relatively well-conserved set of one-to-one orthologous genes. We present several examples of how these deviations might be associated with functional modifications in the protein concerned.
Materials and Methods
Orthologous Gene Data set A 1:1 orthologous gene data set from human, mouse, rat, cow, and dog was obtained using Compara at Ensembl (v49) where orthologs are defined using several different methods of phylogenetic tree reconstruction (Flicek et al. 2008; Vilella et al. 2009 ). The data set comprised 10,267 orthologous genes, with the longest transcript available taken as the representative protein, as defined in Ensembl. For each orthologous protein family, we performed a multiple sequence alignment of the amino acid sequence using Prank þ F (Loytynoja and Goldman 2008) . Subsequently, nucleotide coding sequence alignments were obtained based on the Prank þ F protein alignments using an in-house Perl program.
Estimation of Evolutionary Rates
For each orthologous gene, we estimated the number of nonsynonymous substitutions per nonsynonymous site Toll-Riera et al. · doi:10.1093/molbev/msq206 MBE (dN), the number of synonymous substitutions per synonymous site (dS), and the dN/dS ratio, using maximum likelihood as implemented in the codeml program of the PAML software package (Yang 2007) . Equilibrium codon frequencies of the model were used as free parameters (CodonFreq 5 3). dN and dS calculations were performed on the unrooted tree ([human, macaque] , [mouse, rat] , and [cow, dog] ). Subsequently, we labeled the branch from the common ancestor of human and macaque to the common ancestor of all sequences ''primate,'' and the branch from the common ancestor of mouse and rat to the common ancestor of all sequences ''rodent,'' thus implicitly assuming the tree topology depicted in figure 1. We also estimated dN, dS, and dN/dS using a model that considers a unique dN/dS ratio for all lineages in codeml (one-ratio model) (Yang 2007) . A chi-square test based on the comparison of the likelihood obtained using the free-ratio model and the one-ratio model confirmed that the former was more appropriate in the vast majority of cases (98.4%, P value ,0.01).
Orthologous Data Set Filtering
Several filters were applied to obtain a high-quality orthologous gene data set on which to perform the analysis of sequence substitution rates. We discarded orthologous gene families that included sequences with ambiguous amino acids (496 families). We then filtered out orthologous gene families in which the length of one of the proteins was shorter than half of the length of the longest protein (510 families). Next, we discarded very short alignments of length (not counting gaps) ,100 base pairs trees with branches dS . 2 or dN . 2, to avoid the inclusion of nonbona fide orthologs and of branches saturated with substitutions, as well as with dS , 0.01, as such low dS values do not provide reliable estimates of the dN/dS ratio. After applying the above-mentioned filters, the size of the data set was 6,759 orthologous gene families. Finally, we imposed a filter to ensure that we were only aligning orthologous exons. This filter was required because some of the genes had different exon structures in different species, presumably due to incompleteness of transcript annotations, as well as to the presence of incorrectly annotated genes, especially in species with low expressed sequence coverage. We mapped all exon boundaries onto the protein alignments and discarded those alignments in which the region orthologous to any exon showed an overall amino acid sequence similarity of less than 50%. Merely masking poorly aligned regions, as performed in other large-scale studies aimed at the identification of genes under PS (Kosiol et al. 2008) , was not considered here because protein incompleteness would have biased the analysis of the evolutionary patterns at the whole protein level. After applying this filter, 2,929 protein sequence alignments, and their associated trees with dN, dS, and dN/dS values, remained.
Identification of Genes with Branch-Specific Selective Biases
The first objective was to obtain a representative set of proteins from the complete data set to build a concatenated sequence alignment to infer dS, dN, and dN/dS values characteristic of each branch, which would encompass any lineage-specific effects on the estimation of these variables. We chose three random sets of 150 proteins for which the standard error of the mean of the dN, dS, and dN/dS values for each branch was smaller than 10% and which showed no significant differences in the distribution of dN, dS, and dN/dS values when compared with the complete data set using the Wilcoxon test (P value .0.4). The branch-specific values of dN, dS, and dN/dS for the concatenated alignments were estimated using codeml from the PAML package (Yang 2007) . We stored the values for eight branches of the tree-human, macaque, primate, mouse, rat, rodent, cow, and dog-as explained in more detailed above.
Using the values obtained from the concatenated alignment (Species Observed, fig. 1 ), we calculated, for each orthologous gene family and its associated tree (Gene Observed, fig. 1 ), the expected dN, dS, and dN/dS values considering the global rate of evolution of the gene (keeping the total branch length constant) as well as the general species-specific differences (maintaining the proportions of the branches in the Species Observed tree). This tree was termed Gene Expected. Finally, the length of each branch of the Gene Observed tree was divided by the length of the corresponding branch of the Gene Expected tree, and the base 2 logarithm was applied to this ratio (log 2 ratio). For dN and dN/dS, the resulting value was termed the selective bias (SB). A value of SB . 0 implied that the branch was longer than expected (accelerated), and a value of SB , 0 that it was shorter than expected (decelerated).
To determine whether the acceleration or deceleration associated with dN/dS and dN (SB) was significant and likely to be caused by differences in selective forces, we used the distribution of the log 2 ratio values for dS to calculate 5% two-tailed confidence limits, that is, we used the results of the normalization procedure described above for dS values to control for stochastic variation due to the action of genetic drift alone. If the SB for the dN/dS and dN values of a particular branch of a tree was higher than the dS upper limit for that branch, that particular branch was classified as accelerated (supplementary file S3, Supplementary Material online). Similarly, if the SB for dN/dS and dN values was smaller than the dS lower limit, the branch was classified as decelerated. By imposing that both dN and dN/dS were outwith the confidence limits, we ensured that the deviation in the number of nonsynonymous substitutions in a branch (dN) was associated with changes in the selective pressure (dN/dS). Besides, in three replicates of this procedure, 2,437 trees (83%) showed identical classification of all branches into the groups accelerated, decelerated, or nondeviated. Only those trees with fully consistent branch classification in the three replicates were considered for the counts of accelerated or decelerated branches.
Binomial Test
The next step was to determine if the difference in the estimated number of nonsynonymous substitutions over Natural Selection in Mammals · doi:10.1093/molbev/msq206 MBE synonymous substitutions, in the accelerated or decelerated branch, and in the nondeviated branches of the same tree, was sufficiently large to ensure statistical robustness of the SB. This step was introduced because some very shortor slow-evolving genes showed very strong relative differences in branch lengths but this was supported by only (T2R38), showing significant rate acceleration in the primate branch. We compared the branch lengths (Gene Observed) to those expected (Gene Expected) given the typical rates of each branch (Species Observed) and the overall evolutionary rate of that gene (total branch length). We obtained the log 2 Observed/Expected for the branch-specific dN/dS, dN, and dS estimated values. The distribution for dS was used to identify branches showing significant log 2 Observed/Expected (called SB) for both dN/dS and dN (5% two tailed). Subsequently, the binomial test was applied to branches showing significant SB to determine whether the absolute number of nonsynonymous substitutions over the total number of substitutions was significantly different in the deviated branches with respect to the nondeviated branches of the same tree.
Toll-Riera et al. · doi:10.1093/molbev/msq206 MBE a few substitutions. We applied a binomial test, where k was the number of nonsynonymous substitutions in the deviated branch, n was the total number of substitutions in the deviated branch (synonymous plus nonsynonymous), and p was the ratio between nonsynonymous and total substitutions in branches of the same tree that did not show any deviation. To ensure that p was representative of the main tendency of the gene, this test was not applied to trees with more than four deviated branches, which represented a very small fraction of the trees with deviations (4.8%). p was obtained as follows:
where, n is the number of branches that show no significant deviations in SB, 4 n 7, N i is the estimated number of nonsynonymous substitution in branch i , and S i is the estimated number of synonymous substitution in branch i.
A P value ,0.05 in the binomial test was taken as confirmation that the branch was accelerated or decelerated. No correction for multiple testing was applied at this stage because the branches on which the test was applied had already presented evidence of acceleration or deceleration as measured by the SB. Of the 1,068 trees with at most four branches with significant SB (36.5% of the initial data set), 718 passed the binomial test (24.5% of the initial data set). A Fisher test applied to the same data produced very similar results.
Fit to a Poisson Distribution
We tested whether the number of deviated branches per tree followed a Poisson distribution. If it did, it would mean that the distribution of deviated branches in the different genes was random and that there was no tendency for them to cluster on particular genes. First, we calculated the fitted Poisson distribution with the visualizing categorical data package of the R statistical package, using the MinChisq method. Second, we tested whether the observed counts and the fitted Poisson distribution counts were significantly different. For zero deviated branches, we observed 2,211 trees compared with 2,125 in the fitted Poisson; for one deviated branch, 564 compared with 682; for two deviated branches, 126 to 109; for three deviated branches, 25 to 12; and for four deviated branches, 3 to 1. The difference between the original distribution and the fitted Poisson distribution was highly significant according to a chi-square test (P , 10
À9
). This was due to an excess of trees with zero, two, three, or four deviated branches, and a lack of trees with one deviated branch, in the observed data set.
Positive Selection Tests
The BS model A in the PAML package was used to test for PS in each branch of each tree of the data set (Zhang et al. 2005) . This test allows detection of PS acting on only a few sites in a specific lineage. The branch to be tested was the foreground branch, whereas the rest of the branches were the background branches. In the null model, all codons in the foreground and background branches were evolving under negative selection (dN/dS , 1) or neutrally (dN/ dS 5 1), whereas in the alternative model, the foreground branch also included sites evolving under PS (dN/dS . 1). PS in the foreground branch was inferred if the likelihood of the observation of the gene sequences was significantly higher under the alternative model than under the null model. In the latter, no codons are evolving under PS in the foreground branch. We used a q value of 0.05, corresponding to a false discovery rate of 5%, to correct for multiple testing (Storey and Tibshirani 2003) .
Amino Acid Replacements
We counted the number of observed lineage-specific amino acid replacements in the protein sequence alignments using an in-house Perl program. We focused on replacements that were specific to each lineage, that is, on positions in which all sequences had the same amino acid except for the sequence of interest. For the internal branches (primate and rodent), we counted the positions in which all sequences had the same amino acids except the two sequences corresponding to the derived branches, which shared a different amino acid. The branch of interest was the focal branch and the rest of branches, the background branches. The amino acid replacements were classified as radical if they were associated with a change of polarity group (polar: C, N, Q, S, T, and Y; nonpolar: A, F, G, I, L, M, P, V, and W; positively charged: H, K, and R; and negatively charged: D and E), and nonradical if they did not imply a change of polarity group.
First, we compared the ratio of radical to nonradical amino acid replacements in deviated versus nondeviated branches. We found a significant excess of radical replacements in accelerated branches with respect to nondeviated branches (chi-square test, P , 0.01) and no significant differences in decelerated branches with respect to nondeviated branches. We next compared the relative frequency of all possible types of radical replacements (e.g., replacement of a nonpolar amino acid by a positively charged amino acid) in accelerated versus nondeviated branches. To avoid biases due to the different nature of genes with or without accelerated branches, this comparison was restricted to genes containing accelerated branches only. We calculated the log 2 of the ratio of the relative frequency of the replacement in accelerated versus nondeviated branches, so that values over 0 indicated higher frequency in accelerated branches and below 0 higher frequency in nonaccelerated branches. Again, a chi-square test was used to determine if the differences were significant.
Gene Ontology Analysis
A Gene Ontology (GO) (Ashburner et al. 2000) description for each protein in the data set was obtained using BioMart at Ensembl (Flicek et al. 2008) . We have to be aware that our initial data set is already biased toward some GO descriptions because it is comprised a set of proteins conserved among six mammalian species. For this reason, Natural Selection in Mammals · doi:10.1093/molbev/msq206 MBE the GO analysis was performed comparing the genes that showed some kind of deviation (acceleration or deceleration) with the remaining genes in the data set. The proportion of genes with GO annotations was 83% in the complete data set (2,437 out of 2,929), 92% in the genes with accelerated branches (245 out of 265), and 92% in the genes with decelerated branches (301 out of 306). P values were computed using Fisher's exact test.
Statistical Tests and Graphics
The R statistical software package (R 2007) was used to perform the Wilcoxon test, the chi-square test, the binomial test, and the Fisher exact test. As already mentioned, we also used R to compare the number of deviated branches in the trees to those expected under a fitted Poisson distribution. For the q-value test the QVALUE R library was used. We wrote a specific R script to automate the normalization procedure for dN/dS, dN, and dS values. Graphs were generated using R software.
Results

Identification of Lineage-Specific Evolutionary Rate Deviations
We generated multiple sequence alignments for 10,267 orthologous protein families using Prank þ F (Loytynoja and Goldman 2008) . This program minimizes the number of incorrectly aligned homologous positions by using a more balanced rate of insertions and deletions than other commonly used multiple alignment programs. This was of great importance to avoid overestimation of the proportion of nonsynonymous, compared with synonymous, substitutions. For each family, we estimated the number of nonsynonymous substitutions per nonsynonymous site (dN) and the number of synonymous substitutions per synonymous site (dS) on each branch of the species tree depicted in figure 1. We then applied a number of rigorous filters to ensure a high-quality data set for further study (see Material and Methods and table 1). This filtering was required because the data set included genomes with varying degrees of gene annotation reliability. Ultimately, we obtained a high-quality data set of 2,929 multiple sequence alignments and their corresponding trees (supplementary file 1, Supplementary Material online). Taking all the branches together, we found a strong positive correlation between all dN/dS and dN values and a very small negative correlation between dN/dS and dS values, indicating that the estimations of these parameters were robust and that variations in dN/dS mainly reflected variations in dN (supplementary file 2, S1, Supplementary Material online).
The vast majority of trees, 2,883 out of 2,929 (98.4%, P value ,0.01), did not follow a model of a unique dN/dS ratio for all lineages (Yang 2007) . This nonclock-like behavior is the result of two different components: speciesspecific differences in the efficiency of selection and gene-specific variations in selective pressure in different branches. Species-specific effects were evident when we examined the dN/dS distributions (table 2; supplementary file 2, S2, Supplementary Material online). The average and median dN/dS were larger in the primates (human, macaque, and primate internal branch) than in the other branches, probably indicating weaker purifying selection as a consequence of small effective population size (Ohta 1973; Nielsen et al. 2005) . This observation highlights the importance of correcting for species-specific dN/dS deviations when comparing the rate of sequence substitutions of a gene in different branches.
To measure the second component associated with the observed nonuniformity of dN/dS, related to gene-specific changes in selective pressure in different branches, we designed a procedure that first corrects for species-specific deviations and then uses the variability associated with dS to control for the stochastic nature of mutations ( fig. 1 , see Materials and Methods for more details). The Species Observed tree captured any deviations due to speciesspecific differences alone and was obtained with 150 coding sequences taken at random. The Gene Observed tree was calculated for each of the 2,929 genes in the filtered data set. The Gene Expected tree was obtained by keeping the same total branch length of the Gene Observed tree but relative branch lengths as in the Species Observed tree. This procedure is similar to that described by Shapiro and Alm (2008) , although we applied it to trees with branchspecific estimated dN, dS, and dN/dS instead of branchspecific rates of amino acid substitutions. Subsequently, we calculated the log 2 ratio of branch lengths (be it dN, dS, or dN/dS) for the Gene Observed and Gene Expected trees for each branch. To estimate the significance of the log 2 ratio of observed versus expected for dN and dN/dS in each branch (called SB), we used the distribution of the log 2 ratio for dS for that branch. This allowed us to control for the range of variation in substitution rates due to mutational stochasticity. The 2.5% upper and lower tails (5% two tailed) of this distribution were used to identify putatively accelerated and decelerated branches, with significantly high or low SB, respectively (supplementary file 2, S3, Supplementary Material online). These branches were further examined to determine if the absolute proportion of nonsynonymous to synonymous substitutions estimated by codeml was significantly different to the proportion observed in the branches that showed no deviations in dN or dN/dS in the same tree, using a binomial test ( fig. 1 ). At a P value cutoff of 0.05, this test discarded around 30% of the genes previously identified as having accelerated or decelerated branches. These tended to be short-or slow-evolving genes that had too few . Deceleration events tended to be more common in longer branches (such as the rodent branch) than shorter branches. This can be explained by the fact that the binomial test is more powerful in longer branches as they accumulate more substitution events. This is especially so in the case of rate deceleration, involving few changes. We also tested whether the number of deviated branches per tree was randomly distributed. We found that the observed data was significantly different from a fitted Poisson distribution (P , 10
À9
), and therefore the distribution was not random. Interestingly, there was an excess of trees with two or more deviated branches, indicating that some genes are likely to be especially prone to undergo changes in selective pressure.
The analysis of overrepresented GO terms (Ashburner et al. 2000) in the set of genes associated with accelerated and decelerated branches provided interesting insights into the nature of these genes (table 4, P , 0.05 using the Fisher test). Genes containing accelerated branches were enriched in several terms related to the nervous system, such as neuropeptide signaling pathway or Synapse. In contrast, genes containing decelerated branches were enriched in a different set of terms, including Protein complex assembly and cell-cell signaling. Interestingly, both sets were enriched in membrane proteins, which includes many potential cell receptors. Branch-specific variations in dN and dN/dS in these genes may be related to changes in affinities for different targets.
Identification of Positive Selection
We investigated in more detail genes showing accelerated branches, as these branches are likely to represent lineagespecific adaptive processes or, alternatively, lineage-specific relaxation of purifying selection. There were 395 accelerated branches (in 13.5% of the initial genes) at P , 0.05. To better understand the possible importance of PS on the accelerated branches, we intersected the accelerated branches with the branches that were significant for PS according to the BS test (Zhang et al. 2005 ) and using a false discovery rate correction threshold of 5%. As expected, accelerated branches were strongly enriched in events of PS (17.7% in comparison with 2.2% for all branches in the 2,929 trees; supplementary file 2, S6, Supplementary Material online; see also supplementary file 4, Supplementary Material online for a complete list of genes with PS). Curiously, of the 16 accelerated branches with dN/dS . 1, only two showed evidence of PS in the BS test. So, the majority of accelerated branches (82.3%) did not show significant signs of PS. The converse was also true, most branches with evidence of PS according to the BS test (86.6%) were not classified as accelerated. This simply means that we are measuring very different aspects of gene evolution by the two methods. Inspection of branches with signs of PS but that had not been classified as accelerated confirmed that their overall dN/dS were comparable with the rest of branches in the tree.
We noted that the proportion of genes for which there was significant PS varied greatly in different branches. For Natural Selection in Mammals · doi:10.1093/molbev/msq206 MBE example, whereas the human branch only had 11 cases of PS in 2,929 genes (0.4%), the macaque branch had a total of 66 cases of PS (2.5%). This difference is difficult to explain in biological terms, neither is it consistent with the very similar proportion of accelerated branches observed in the lineages. The macaque genome assembly is of lower quality than the human genome assembly, and it has been recently shown that the BS method is particularly sensitive to errors in sequence (Mallick et al. 2009; Schneider et al. 2009 ). Therefore, it seems likely that, in spite of the quality filters employed, the excess of PS in some branches is due to a few remaining sequencing or gene annotation errors scattered throughout the sequence. The lineage with the largest number of branches under PS was the dog (8.4% of the genes). This again may be inflated as a result of errors in the sequence. We also have to consider that the process of domestication of dog breeds is associated with an accumulation of deleterious mutations (Cruz et al. 2008) , which might confound estimates of PS. Focusing on the species with the highest quality gene sequence, human and mouse, we can conclude that the vast majority of accelerated branches did not show evidence of PS using the BS method, even when the false discovery rate correction was not applied (18.6% of PS in human accelerated branches, 11.8% in mouse accelerated branches; supplementary file 2, S6, Supplementary Material online). This may partly be due to conservativeness of the test (Zhang et al. 2005) , and partly to cases in which relaxation of selective constraints is the main reason for the observed pattern.
Excess of Radical Amino Acid Replacements in Accelerated Branches
To gain further insights into the nature of the modifications that have taken place in the accelerated branches, we compared the type of replacements observed in the accelerated branch with those of the rest of the branches of the tree. For clarity, we focused on the positions of the alignment on which the sequence/s corresponding to the branch of interest (focal branch) had a different amino acid from the amino acid shared by all the other sequences (background). We grouped the replacements into two types, those that involved a change of polarity group (nonpolar, polar, negatively charged, and positively charged; see Materials and Methods), which we called radical, and those that did not, which we called nonradical in this particular context. It has been found that substitutions for dissimilar amino acids are more likely to be deleterious but are also more likely to be advantageous (Yampolsky et al. 2005; Gojobori et al. 2007 ). The ratio of radical changes to nonradical changes in the branches that were accelerated was 1.06 (1,361 radical changes and 1,290 nonradical changes), whereas the ratio was 0.85 (3,559 radical changes and 4,202 nonradical changes) in the nondeviated branches of the corresponding trees. Therefore, accelerated branches were associated with significantly more radical changes than nondeviated branches (chi-square test, P , 0.01). As a control, we also compared the decelerated branches with the rest of the branches of the tree, observing no significant difference in the ratio of radical to nonradical changes. We next asked the question whether there were any biases ), grouped into several functional classes. Genes in the ''nervous system'' group are associated with several overrepresented GO terms in accelerated branches, such as Synapse and neuropetide signaling pathway (table 4) . Genes in the ''interaction with the environment'' mostly consist of membrane proteins, also overrepresented in the GO analysis, and include several chemosensory receptors. In contrast to the neural receptors, these genes tend to be very rapidly evolving. ''Regulation of transcription'' is associated with the overrepresented GO term chromatin binding, which is basically composed of transcription factors. The fourth group is ''metabolism,'' which, although not particularly enriched in genes with accelerated branches, is included for the purpose of comparison. Finally, the group ''other functions'' includes a selection of genes involved in a variety of different functions.
Example 1: Phenylthiocarbamide Bitter Taste Receptor (T2R38)
The phenylthiocarbamide (PTC) bitter taste receptor T2R38 (Chr.7q) belongs to a family of bitter taste receptors (T2R), which are G-protein-coupled receptors with seven transmembrane domains. In humans, 25 such receptors have been found distributed in two clusters on chromosomes 7 and 12 (Conte et al. 2003; Shi et al. 2003) . Bitter taste is one of the basic tastes in mammals, together with sweet, salty, sour, and savory/umami (Kinnamon and Cummings 1992; Lindemann 1996) . The ability, or lack thereof, to taste PTC, a bitter taste compound, has been known for a long time but has only recently been associated with T2R38 (Kim et al. 2003) . As bitter taste is commonly found in toxic substances, the ability to discern bitter taste may have been selectively advantageous (Fischer et al. 2005) . Multiple studies have found evidence that bitter taste receptors are likely to have been subject to PS, especially with regards to amino acid replacements in the extracellular regions (Shi et al. 2003; Fischer et al. 2005; Go et al. 2005; Kosiol et al. 2008) .
In our analysis, T2R38 was classified as accelerated in the primate branch, with a dN/dS of 1.17 ( figs. 1 and 2) . We observed six radical amino acid replacements common to the human and macaque sequences in conserved positions in the other sequences. Three of the radical replacements were in the extracellular region and involved changes in the charge of the amino acids concerned, which may have affected ligand recognition. PS in this branch was detected by the BS test, and three of the radical replacements had a Bayesian posterior probability of PS over 0.95 (see fig. 2 for more details).
F-box only Protein 39 (FBXO39)
The F-box only protein 39 is a member of the F-box protein family that forms part of the Skp, Cullin, F-box (SCF) ubiquitin ligase complex involved in protein ubiquitylation. The SCF complex is formed by a modular E3 core (CUL1 and RBX1) and a substrate specificity module (SKP1 and a F-box protein) . F-box proteins are adaptor proteins that contain at least two domains: a F-box motif to interact with SKP1 and another domain, most frequently a WD40 or leucine rich repeats domain, to bind ubiquitylation targets (Jin et al. 2004) . A single F-box protein is able to recognize several substrates, expanding the range of action of the SCF complex (Skaar et al. 2009 ).
In our data set, FBXO39 had a dN/dS of 1.34 in the human branch and was classified as accelerated in the human and decelerated in the dog. It showed signs of PS according to the BS method (P 5 0.02), although it was not significant following false discovery rate (FDR) correction. Of the six radical changes specific to the human branch, five were in the C-terminus ( fig. 3) . Two of the replacements involved a possible formation of a new cysteine disulfide bond due to the substitution of a W for a C and an F for a C separated by only 21 amino acids. We inspected these positions in the chimpanzee and orangutan orthologs and found that the first C corresponds to a W in orangutan (as in the ancestral state), whereas in chimpanzee, there is a Y. At the second C, we found a C in orangutan and in chimpanzee. So, the first change is human specific, whereas the second appears to be hominoid specific. Interestingly, we found that other F-box only proteins show specific evolutionary rate acceleration in other branches, for example, F-box only protein 28 in macaque and F-box only protein 6 in mouse (supplementary file 1, Supplementary Material online). Given the The log 2 ratio between different replacement types is shown. Background branches represent the ancestral state and the focal branch is the one in which the mutation has been fixed. Values higher than 0 indicate that the replacement is more frequent in accelerated branches and lower than 0 in nondeviated branches. *P , 0.05, **P , 0.01.
Natural Selection in Mammals · doi:10.1093/molbev/msq206 . b dN/dS other is the mean dN/dS of the remaining branches of the tree. c PS detected by the BS method in PAML (Q , 0.05, false positive rate discovery). Toll-Riera et al. · doi:10.1093/molbev/msq206 MBE diversity of this family, these differences are likely to be related to specializations for differing substrates.
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Olfactory Receptors OR2A4 and OR4K5 Olfactory receptors (ORs) form part of a very large family of proteins in which each receptor is able to detect several odorants but some odorants are detected only by a combination of several receptors (Buck and Axel 1991; Zhao et al. 1998; Mombaerts 1999; Malnic et al. 2004) . ORs are classified into families, and each family is subdivided into subfamilies. The proteins classified in the same subfamilies have similar structures and can detect similar odorants. Several studies have suggested that the evolution of ORs is strongly affected by PS (Gilad et al. 2003; Nielsen et al. 2005) .
In our data set of accelerated genes, we found that OR2A4 (family 2, subfamily A) and OR4K5 (family 4, subfamily K) showed evolutionary rate acceleration in the human branch (supplementary file 2, S7 and S8, Supplementary Material online, respectively). Both genes showed high dN/dS values, 0.9813 and 0.9989, respectively. Although these ratios are close to 1, several lines of evidence indicate that they are not pseudogenes. First, they are not classified as such in the Horde OR database (Safran et al. 2003) . Second, they show evidence of PS according to the Natural Selection in Mammals · doi:10.1093/molbev/msq206 MBE BS test (P 5 0.0274 for OR2A4 and P 5 0.0094 for OR4K5), although they do not remain significant following FDR correction. Finally, the pattern of amino acid substitutions is not random, there being an excess of radical replacements in the second extracellular domain in both human receptors. These replacements may have an adaptive function related to the binding of odorant molecules.
Glutamate Receptor Subunit 3A
The glutamate receptor (GluR) subunit 3A (GRIN3A) belongs to the GluR family, involved in the mediation of excitatory synaptic transmission. It has been hypothesized that due to their function, this class of receptors may play a key role in cognitive functions (Riedel et al. 2003) . There are two classes of GluRs: ionotropic GluRs and metabotropic GluRs. Ionotropic receptors, which include GRIN3A, are ion channels, whereas metabotropic receptors act in several intracellular signaling pathways. GluRs have been related to brain dysfunction in humans, for example, in Alzheimer's disease (Gong et al. 2009 ). Goto et al. (2009) analyzed evolutionary changes in GluRs using human and Toll-Riera et al. · doi:10.1093/molbev/msq206 MBE chimpanzee orthologous sequences and found that the dN/ dS ratios were smaller than the ratios in genome-wide values, indicating that there are strong functional constraints acting on GluRs. GRIN3A was the member showing the greater divergence between humans and chimpanzees. They found a fixed substitution (D17G) in humans that implied the loss of a N-myristoylation site that, they hypothesized, could lead to changes in synaptic plasticity.
Here, we found GRIN3A had significant dN/dS acceleration in the human branch and in the alignment, one can observe seven human-specific replacements (including the D17G reported by Goto et al. 2009 ), all of which are radical (supplementary file 2, S9, Supplementary Material online). The replacements included the gain of three positively charged, and one negatively charged, amino acids. Comparison with the chimpanzee sequence showed that three of the seven substitutions predated the human-chimpanzee split, whereas four had become fixed after the separation from chimps. Considering the very strong conservation of this protein in mammals, it is tempting to speculate that these replacements might have functional consequences. Surprisingly, despite all the replacements being radical, the BS test of PS was not significant.
Discussion
Understanding how natural selection drives gene functional diversification across different species and lineages is a key issue in biology. The availability of the full set of genes from several mammalian genomes provides an unprecedented opportunity to study this question at a global scale. Here, we have derived a high-quality set of orthologous complete coding sequence alignments from six mammalian species to obtain a first estimate of the proportion of mammalian genes that show substantial branch-specific selection pressure variations. An important finding of this work is that this proportion is very high (24.5%), indicating that the strength of selection acting on a particular gene often can change substantially at different time periods and in different lineages. This is even more relevant considering that we worked with a relatively well-conserved set of genes, excluding lineage-specific gene duplicates, which are the genes generally associated with processes of functional diversification over short timescales (Ohno 1970; Scannell and Wolfe 2008; Farre and Alba 2009 ). Our results are in agreement with the previously described overdispersion of the molecular clock (Gillespie 1989; . Our procedure was designed to discriminate between events of evolutionary rate acceleration and deceleration. Acceleration was associated with an increased number of radical amino acid replacements, and we found that membrane proteins were particularly prone to show lineage-specific evolutionary rate variations. This is in agreement with previous findings by Jordan et al. (2001) , who found the largest number of deviations in the rate of change in proteins that had functions at the periphery of the cell and which mediated interactions with the environment. Branch-specific rate acceleration was associated with an excess of replacements involving change of the polarity state and gain or loss of charged residues. Such replacements are subject to increased selective pressure (Yampolsky et al. 2005) , which indicate that they often modify protein function. We described several examples of such radical changes in extracellular regions of receptor proteins, which could potentially affect interaction with ligands.
Only a relatively low fraction of the branches showing significant acceleration of dN and dN/dS (11-18% for the highest quality genomes) showed signs of PS according to the BS test (Zhang et al. 2005) . Therefore, most accelerated branches are likely to be the result of relaxed purifying selection, probably reflecting partial loss of protein functionality. In such a scenario, the rate of fixation of nonsynonymous substitutions will increase due to negative selective coefficients being closer to 0. However, we also have to consider that, according to the authors, the BS test is conservative, so PS might have been underestimated. We observed that genes with PS detected by the BS test tended to have higher dN/dS than the average gene, which was not the case for genes with significantly accelerated branches using our method (supplementary file 2, S4, Supplementary Material online). This may imply that adaptive changes in very slowly evolving genes might be difficult to detect by the BS method. Several nervous system receptors that showed branch-specific acceleration in our data set belong to this class. One example was the GluR subunit 3A, which is an overall very well-conserved protein that nevertheless contained seven human-specific radical amino acid replacements (to zero nonradical ones) (supplementary file 2, S9, Supplementary Material online). The BS test of PS was negative for the human branch even with no false discovery rate correction.
In spite of the popularity of the BS test to detect PS, the truth is that our ability to detect bona fide events of PS using interspecific sequence comparisons is still limited. For example, the BS method assumes that PS has favored repeated amino acid changes in a short period of time, but it has been argued that this situation might be quite rare except for immune response genes that coevolve with the pathogen (Hughes 2007) . A recent study on a set of vertebrate vision genes is particularly illustrative, as it showed that the BS method had a low probability of detecting positions that have been experimentally found to drive functional changes (Nozawa et al. 2009 ). In some cases, a single amino acid change might suffice to give rise to a new phenotype that is adaptive. A well-known example is a single amino acid replacement in the melanocortin-1 receptor of Florida beach mice that provides a more cryptic skin color patterning (Hoekstra et al. 2006) . In other cases, even when the original adaptation is driven by a single amino acid change, subsequent compensatory mutations, for example, to restore protein stability, might result in a burst of nonsynonymous substitutions, causing deviations from the molecular clock (DePristo et al. 2005 ).
Natural Selection in Mammals · doi:10.1093/molbev/msq206 MBE A relatively large number of genes in our data set showed branch-specific evolutionary rate deceleration. Evolutionary rate deceleration has been much less studied than evolutionary rate acceleration, and the functional implications of a dN/dS decrease are less clear. A general tendency toward evolutionary rate deceleration has been observed in several gene families. For example, in vertebrate hemoglobins (Goodman et al. 1975; Czelusniak et al. 1982) , and in eukaryotic calmodulin (Baba et al. 1984) , the rate of accumulation of nonsynonymous substitutions, when compared with synonymous substitutions, has been found to be much higher in the early stages of the protein's history than later on. This has been interpreted as resulting from a period of rapid changes in which the protein adapts to its basic function followed by a period of stabilization and increased functional constraints. Indirect evidence that this could be a widespread phenomenon is provided by the observation that widely distributed, ancient genes tend to evolve more slowly than phylogenetically restricted, younger genes (Doolittle et al. 1986; Castresana 2005, 2007; Toll-Riera et al. 2009 ), indicating that the evolution of the former is, in general, currently more constrained.
In the present study, we used a set of genes enriched in well-conserved core functions. Even so, one quarter of them showed branch-specific evolutionary rate deviations. In 15.5% of genes, we detected branch-specific evolutionary rate deceleration. The functional constraints on these genes thus appear to have increased in one or more branches. How can this be interpreted? One possibility is that it reflects cooption of residues for novel protein functionalities. In this case, no change in the sequence would be required to become involved in a new function (in contrast to the classical PS model, which would be associated with rate accelerations), but the changes would occur in other interacting elements, constraining the evolution of the first protein. We can imagine, for example, that several residues present in protein A become important for a new, advantageous, interaction with protein B, which has undergone a mutation that allows it to interact with protein A. As a result, the constraints on the residues in protein A, which are required for the interaction with protein B will increase, resulting in a decrease in dN/dS in protein A. Indeed, what is adaptive is the interaction between A and B (and not merely the changes in B), and this might lead to opposite observations in relation to the changes in selective pressure in the two interacting proteins.
This study provides a first look at the degree of variability in gene evolutionary rates in multiple mammalian branches as a result of selection. We have shown that many instances of evolutionary rate acceleration, which may be associated with lineage-specific functional modifications, are not identified by the widely used BS test for PS. The sequencing of a larger number of mammalian genomes and, more importantly, improvement of gene annotation quality, will provide increased resolution in studies of mammalian gene evolution. At the same time, experimental investigation will be required to better understand the functional consequences of amino acid replacements in protein sequences and to develop more refined models to detect selection from sequences.
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